Abstract: In this study, we focused on age-dependent changes in intracellular iron
Introduction
Mongolian gerbils are genetically homogeneous and easy to handle. In addition, they have a relatively short lifespan. They are also similar to humans in several ways that make them particularly useful as a model of epilepsy, stroke, auditory processes, and in several behavioral paradigms [5, 6, 9, 10, 13] . It is easy to induce a transient forebrain ischemia in gerbils and they are useful for neuroscience research, especially, for the study of neurodegeneration. Aging can be defined as the nonfunctional alteration of structure or homeostatic capability in an individual organism as it passes through ever age-dependent changes of oligodendrocytes have been relatively less investigated [1] . Moreover, there is no report of age-dependent changes of iron deposition in the hippocampus of the gerbil.
Oligodendrocytes are associated with myelination in neurons in the CNS, and they have the highest iron content in brain cells [4] . Oligodendrocytes may be more vulnerable than other cells to the release of iron. In addition, since they store the highest iron content, their particular subunit composition makes their iron content available with relatively greater ease than other cells [2] . Therefore, in this study, we focused on agedependent changes in iron positive cells and their iron reactivity in the hippocampus of gerbils.
Materials and Methods

Experimental animals
We used the male progeny of Mongolian gerbils (Meriones unguiculatus) obtained from the Experimental Animal Center, Hallym University, Chunchon, South Korea. At 1 month, 3, 6, 12, 18 and 24 months of age (PM 1, PM 3, PM 6, PM 12, PM 18 and PM 24, respectively), 7, 7, 7, 5, 5 and 5 gerbils, respectively, were sacrificed for the experiment. The animals were kept in an air-conditioned room at a temperature of 23°C and a humidity of 60%, and lights were on 12 h a day from 6:00 to 20:00. The animals were provided with free access to water and diet containing crude protein (20% of diet) (Cheil Jedang, South Korea). Procedures involving animals and their care conformed to the institutional guidelines which are in compliance with current international laws and policies (NIH Guide for the Care and Use of Laboratory Animals, NIH Publication No. 85-23, 1985, revised 1996) and were approved by the Hallym's Medical Center Institutional Animal Care and Use Committee. All experiments were conducted to minimize the number of animals used and suffering caused.
Tissue processing
Animals were sacrificed under deep anesthesia by injecting sodium pentobarbital (40 mg/kg body weight, I.P.) and transcardial perfusion with 0.1 M phosphatebuffered saline (PBS, pH 7.4) containing 0.1% sodium nitrite and 1 U/100 ml of heparin, followed by 4% paraformaldehyde in 0.1 M PBS. After perfusion, forebrains with the hippocampus were removed, post-fixed for 4-6 h in the same fixative at 4°C, and stored in a 30% phosphate-buffered sucrose solution for 12-24 h. Thereafter the frozen tissues were serially sectioned transversely at 30 µm thickness with a cryostat and then collected into six-well plates containing PBS [8] .
Histochemistry for iron
The sections were immersed in Perl's solution (1:1, 2% HCl and 2% potassium ferrocyanide) at room temperature for 30 min, rinsed in deionized water for 30 min, then immersed for 15 min in filtrated 0.5% DAB in PBS (pH 7.4) according to a previously described method [7] . One milliliter l of 1% hydrogen peroxide was then added for every 200 ml of DAB solution. The tissue remained in this solution for 15 min and was then rinsed in deionized water for at least 30 min. Sections were mounted with Canada Balsam (Kanto, Japan). For negative control, endogenous peroxidase activity was determined by processing representative sections in DAB without pretreatment with Perl's reaction. All staining procedures were conducted within 24 h after sectioning.
Quantification of data and statistical analysis
All measurements were performed, in order to ensure objectivity, under blind condition by two observers carrying out the measures of experimental sections under the same condition in each experiment. For the quantitative analysis of iron reactivity in the hippocampus, 15 sections per animal were randomly selected within the corresponding levels of the hippocampus.
The corresponding areas of hippocampal subfields were measured on a monitor at a magnification of 25-50 times. Images of all iron positive structures taken from 3 layers (strata oriens, pyramidale and radiatum in the hippocampus proper, and molecular, granule cell and polymorphic layers in the dentate gyrus) were obtained through an Axiophot light microscope (Carl Zeiss, Germany) connected via a CCD (Charge Coupled Device) camera to a PC monitor. Video images were digitized into an array of 512 × 512 pixels corresponding to a tissue area of 140 × 140 µm (40× primary magnification). Each pixel had a resolution of 256 gray levels. The staining intensity was evaluated by means of a relative optical density (ROD) value, which was obtained after transformation of mean gray values using the formula: ROD = log (256/mean gray value). We measured the ROD of the complete field, and the values of the background staining were subtracted from the ROD values of all reactive structures before statistical processing. The relative % of control levels were plotted on a graph.
Inter-animal differences in each group, as well as interexperimental differences, were not statistically significant. The values presented represent the means of experiments performed for each hippocampal area. Differences among the means were statistically analyzed by one-way analysis of variance followed by Duncan's new multiple range method or the Newman-Keuls test to elucidate the age-related changes of iron reactivity or to investigate the differences between PM 1 and other age groups. P<0.05 was considered significant.
Results
CA1 region
In the PM 1 age group, iron reactivity in the hippocampal CA1 region was very weak (Fig. 1A) . Iron reactive cells were detected in strata oriens, pyramidale and radiatum and their iron reactive cells were round in shape. At PM 3, iron deposition had slightly increased compared to that of the PM 1 group (Figs. 1B and 4A ). In the PM 6 group, iron deposition had increased compared to that of the PM 3 group (Figs. 1C and 4A ). In the PM 12 group, iron deposition was significantly increased in the hippocampal CA1 region compared to the PM 6 group (Figs. 1D and 4A ). At this age, the stratum pyramidale showed strong iron reactivity. In the PM 18 group, iron deposition was significantly increased in the hippocampal CA1 region compared to the PM 12 group (Figs. 1E and 4A ). In this age group, iron reactive cells were multiform and had well-stained processes which projected in various directions. At PM 24, iron deposition in the CA1 region was similar to that seen in the PM 18 age group (Figs. 1F and 4A ).
CA2/3 region
Iron reactivity in iron positive cells in the hippocampal CA2/3 region was very weak in the PM 1 age group (Fig. 2A) . The pattern of change in iron deposition from PM 3 to PM 6 was similar to that in the CA1 region (Figs. 2B-2C and 4B ). In the PM 12 age group, iron deposition increased in the hippocampal CA2 region, while in the hippocampal CA3 region, iron reactivity was not altered (Fig. 2D ). In the PM 18 age group, iron deposition was significantly increased in the hippocampal CA2/3 region compared to the PM 6 age group (Figs. 2E and 4B ). In this age group, round form iron reactive cells were detected in the stratum oriens of the hippocampal CA2/3 region. In the PM 24 age group, iron deposition was similar to that seen in the PM 18 age group (Figs. 2F and 4B) .
Dentate gyrus
The pattern of change in iron deposition in the dentate gyrus was similar to that in the hippocampal CA2/ 3 region (Figs. 3 and 4B ). In the PM 3 and PM 6 age groups, iron deposition was similar to that in the PM 1 age group (Figs. 3A-C and 4C ). In the PM 12 age group, iron deposition was significantly increased in the granule cell layer and polymorphic layer of the dentate gyrus compared to the PM 1 age group (Figs. 3D  and 4C ). In this group, iron deposition was significantly increased in the suprablade of the dentate gyrus compared to that in the infrablade of the dentate gyrus (Fig. 3D) . Iron deposition further increased in the dentate gyrus in the PM 18 age group (Figs. 3E and 4C ). In the PM 24 age group, iron deposition in the dentate gyrus was similar to that in the PM 18 age group (Figs. 3F and 4C).
Discussion
Many studies have investigated age-related changes in microglia and astrocytes in brains of rodents, nonhuman primates and humans. Microglia-associated antigens increase with age [16, 19, 20] , and glial fibrillary acidic protein increases in astrocytes [11, 12, 14] . However, very few studies have reported on age-related changes of oligodendrocytes and iron reactivity in the hippocampus.
In the present study, we observed that iron deposition in iron positive cells in the gerbil hippocampus began to increase significantly at PM 6, and iron deposition was highest at PM 18. This result is similar to that of a previous study which showed the iron level in the aged rat brain was significantly elevated [1] .
We also found in the present study that iron reactivity in the aged gerbil hippocampus was shown in processes of iron positive cells, and that the morphol-ogy of iron positive cells became various in the hippocampus with age. Oligodendrocytes are present in the white and grey matter of the CNS. It has been reported that oligodendrocytes constitute a heterogeneous group, in which 3 types of cell have been distinguished: those of light, medium and dark cytoplasm [23] . The author of that study reported that the number of light oligodendrocytes decreased with age, while the number of dark oligodendrocytes increased. In our study, we found that iron reactivity in iron positive cells increased in At PM 3, iron reactivity in iron positive cells is higher than that in the PM1 group. Thereafter iron deposition in iron positive cells increases with time until PM 18. Iron reactivity at PM 24 is similar to that at PM 18 (F). Iron positive processes are apparent in the strata oriens (SO) and radiatum (SR) at PM 18 (E). SP, stratum pyramidale. Bar = 50 µm.
the hippocampus with age.
Oligodendrocytes are associated with myelination in the CNS and normally have the highest iron content among the brain cells, containing as much as 70% of the brain iron [4] . Damage to oligodendrocytes could increase the iron content in the damaged areas. An increase of iron in damaged areas created hydroxyl radicals via reaction with superoxide radicals [21, 24] . Hence, the age-related loss/dysfunction of myelin would result in a further increase in the production of damaging free radicals. Reactive oxygen species-induced lipid peroxidation could predispose myelin to breakdown and Iron reactivity increases significantly in the PM 18 age group compared to the PM 1 age group. SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Bar = 100 µm.
possibly degrade its electrical insulation properties that are necessary for saltatory conduction [17, 22] . Myelin damage or loss can contribute to this process as it has a pronounced effect on neuronal survival and function through a variety of mechanisms.
Several observations suggest that iron is an essential factor in myelination and oligodendrocyte biology. However, the specific role of iron in these processes remains to be elucidated. Its role could be an essential cofactor in metabolic processes or a transcriptional or At PM 3, iron reactivity is similar to that in the PM 1 age group. Thereafter iron deposition increases with time until PM 18. Iron reactivity at PM 24 is slightly lower than that at PM 18. GCL, granule cell layer; ML, molecular layer; PL, polymorphic layer. Bar = 50 µm.
translational regulator [15] . In conclusion, our study indicates that iron deposition in the gerbil hippocampus increases with age and this increase may be associated with neurodegeneration in aged brains.
